Use of long-acting progestin only contraceptives (LAPCs) offers a discrete and highly effective family planning method. Abnormal uterine bleeding (AUB) is the major side effect of, and cause for, discontinuation of LAPCs. The endometria of LAPC-treated women display abnormally enlarged, fragile blood vessels, decreased endometrial blood flow and oxidative stress. To understanding to mechanisms underlying AUB, we propose to identify LAPC-modulated unique gene cluster(s) in human endometrial stromal cells (HESCs). Protein and RNA isolated from cultured HESCs treated 7 days with estradiol (E 2 ) or E 2 + medroxyprogesterone acetate (MPA) or E 2 + etonogestrel (ETO) or E 2 + progesterone (P4) were analyzed by quantitative Real-time (q)-PCR and immunoblotting. HSCORES were determined for immunostained-paired endometria of pre-and 3 months post-Depot MPA (DMPA) treated women and ovariectomized guinea pigs (GPs) treated with placebo or E 2 or MPA or E 2 +MPA for 21 days. In HESCs, whole genome analysis identified a 67 gene group regulated by all three progestins, whereas a 235 gene group was regulated by E 2 +ETO and E 2 +MPA, but not E 2 +P4. Ingenuity pathway analysis identified glucocorticoid receptor (GR) activation as one of upstream regulators of the 235 MPA and ETO-specific genes. Among these, microarray results demonstrated significant enhancement of FKBP51, a repressor of PR/GR transcriptional activity, by both MPA and ETO. q-PCR and immunoblot analysis confirmed the microarray results. In endometria of post-DMPA versus pre-DMPA administered women, FKBP51 expression was significantly increased in endometrial stromal and glandular cells. In GPs, E 2 +MPA or MPA significantly increased FKBP51 immunoreactivity in endometrial stromal and glandular cells versus placebo-and E 2 -administered groups. MPA or ETO administration activates GR signaling and increases endometrial FKBP51 expression, which could be one of the mechanisms causing AUB by inhibiting PR and GR-mediated transcription. The resultant PR and/or GR-mediated PLOS ONE |
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implantation [21] . However, the LAPC-induced cellular and molecular changes that trigger AUB are poorly understood. This study hypothesizes that MPA or ETO modulates the expression of unique gene cluster(s) in endometrial cells, which initiate molecular changes that induce AUB. To identify these molecular modifications, we performed whole genome microarray analysis on primary cultures of HESCs treated with progestogens. Comparative analysis determined unique (individual) and common signaling pathways induced by MPA or ETO vs. P4. Whole genome analysis of the current study identified FKBP51 as one of genes significantly induced by MPA and ETO, but not P4. Therefore, subsequent experiments evaluated the regulation of FKBP51 in cultured HESCs as well as paired endometrial tissues obtained from women pre-and post-DMPA therapy. Previous studies in our laboratory demonstrated that the guinea pig (GP) is a relevant model with which to evaluate the endometrial effects of LAPCs. Like human endometrium, the GP endometrium displays closely related human features such as spontaneous estrus cycling and hemochorial placentation [22] . Thus, findings obtained from HESC cultures and human tissues were augmented by observations in the endometrium of MPA-treated GPs. In addition given the critical role that thrombin plays in mediating LAPC-induced AUB, we evaluated the effects of FKBP51 on thrombin modulation of inflammation in MPA-treated HESCs.
Materials and Methods

Antibodies and Compounds
The FKBP51 goat polyclonal antibody (Cat# AF4094) was obtained from R&D Systems, Minneapolis, MN. The β-actin (Cat# 5125), total and phosphorylated AKT (Cat#4085 and 4060, respectively) and total and phosphorylated ERK1/2 MAPK (Cat# 4695 and 4377, respectively) rabbit monoclonal antibodies were purchased from Cell Signaling Technology, Beverly, MA. The following secondary antibodies were obtained from Vector Labs, Burlingame, CA; peroxidase-conjugated anti-goat (Cat# PI-9500), biotinylated anti-goat (Cat# BA-0500). The following chemicals were obtained from Sigma-Aldrich, St. Louis, MO; estradiol (E 2 , Cat#E8875), progesterone (Cat#P8783) and MPA (Cat#M1629). ETO was purchased from Organon, Roseland, NJ.
Cell Cultures
Frozen HESCs was acquired from previously banked samples isolated and characterized as previously described [23] from specimens of human endometrium obtained from reproductive age undergoing hysterectomy for benign disease after obtaining informed written consent under approval of the Yale University School of Medicine Human Investigation Committee (HIC#22334) and pending approval of University of South Florida (HIC#Pro00019480). All samples used in our study were de-identified when they were obtained. Thawed HESCs (n = 6) were grown to confluence in basal medium (BM), a phenol red-free 1:1 v/v mix of Dulbecco's MEM/Ham's F-12 (Gibco, Grand Island, NY), with 100U/ml penicillin, 100 μg/ml streptomycin, 0.25 μg/ml fungizone complex (Gibco) supplemented with 10% charcoal-stripped calf serum (Gibco). Confluent HESCs were incubated in parallel in BM with 0.1% ethanol (vehicle control) or 10 −8 M E 2 or E 2 +10 −7 M P 4 (E 2 +P 4 ), or 10 −7 M of ETO (E 2 +ETO) or 10 −7 M of MPA (E 2 +MPA). After 7 days, the cultures were washed twice with 1X phosphate-buffered saline (PBS) to remove residual serum, then placed in a serum-free defined media (DM) comprising BM plus ITS + (insulin, transferrin, selenious and linoleic acid) premix (BD Biosciences, Bedford, MA), 5 μM of FeSO 4 , 50 μM of ZnSO 4 , 1 nM of CuSO 4 , 20 nM of Na 2 SeO 3 trace elements (Sigma-Aldrich), 50 μg/ml of ascorbic acid (Sigma-Aldrich) and 50 ng/ml of recombinant epidermal growth factor (Becton-Dickinson, Bedford, MA) for 24h. The cultures were washed twice with 1X PBS to remove the residual steroids and DM containing corresponding vehicle control or steroids was added to the cultures for 6h or 24h. At the end of incubation periods, HESCs were washed with ice-cold 1X PBS and stored at −70°C until used for total RNA and protein extraction.
Microarray Analysis
Total RNA from HESCs treated with steroids for 6h was isolated using miRNeasy Mini Kit and RNeasy MinElute Cleanup Kit according to the manufacturer's instructions (Qiagen, Valencia, CA). The quality of isolated RNAs was confirmed using an Agilent 2100 Bioanalyzer. Extracted total RNAs were sent to the Keck Biotechnology Resource Laboratory at Yale University (New Haven, CT, USA) for microarray analysis using Illumina Human HT-12 v4 Expression BeadChip (Illumina Inc., San Diego, CA). Microarray analysis was limited to specimens whose RNA Integrity Number (RIN) value exceeded 8. Sample labeling and hybridization was performed per manufacturer's instructions. Raw data without normalization were analyzed by GeneSpring GX12.5 software (Agilent Technologies-Silicon Genetics, Redwood City, CA). Gene readouts were normalized to the 75 th percentile of the distribution of all measurements in each chip. Normalization for each gene across chips was performed using the median value of each gene throughout different chips in the same experimental condition. Normalized data were first filtered to eliminate the genes, which were absent in all experimental conditions and replicates. The resulting data were filtered on volcano plot with moderated t-test without multiple testing corrections. Genes with a fold change of > 1.25 and a p-value of < 0.05 were considered differentially expressed. Molecular functions and biological networks related to differentially expressed genes were explored using Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, CA) according to manufacturer's instructions. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE72040 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72040).
Reverse Transcription and Quantitative Real Time (q)-PCR Analysis
Total RNA from cultured HESCs was isolated using miRNeasy mini kit and RNeasy MinElute cleanup kit according to the manufacturer's instructions (Qiagen). Reverse transcription was performed using RETROscript kit (Ambion, Austin, TX) in two steps: first, 2 μg of total RNA from each sample was incubated with random decamer primers at 85°C for 3 min to eliminate any secondary structures, then a reverse transcription reaction was carried out at 42°C for 1 h consisting of 2 μl of 10X reverse transcription buffer, 4 μl of 1.25 mM dNTP mix, 1 μl of RNase inhibitor (10 units/μl) and 1 μl of MMLV-reverse transcriptase enzyme (100 units/μl). Subsequently, inactivation of the reverse transcriptase enzyme at 92°C for 10 min was performed. The expression of FKBP51, insulin-like growth factor binding protein 2 (IGFBP2), four jointed box 1 (FJX1), thrombin receptor like-2 (F2RL2, aka proteinase-activated receptor-3; PAR3), ADAM metallopeptidase with thrombospondin type 1 motif, 1 (ADAMTS1), IL-1β, and β-actin was determined by q-PCR using TaqMan Gene Expression Assay according to the manufacturer's protocol. In brief, 10 μL of TaqMan 2× Universal PCR Master Mix was combined with 8.5 μL of nuclease-free water, 1 μL of 20× TaqMan primer/probe mix, and 0.5 μL of cDNA in the PCR tube. Amplification used 40 cycles of PCR in Applied Biosystems 7500 Real-Time PCR Detection System (Applied Biosystems, Foster City, CA), with the following program: initial denaturation at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 60 seconds. All samples were run in triplicate and the average used for each sample. A standard curve for each set of primers was first used to determine the linear dynamic range of each reaction and the PCR efficiency. Expression of the target mRNAs was normalized to β-actin levels and the 2 
Immunoblot Analysis
To evaluate FKBP51 protein levels, cell lysates from HESCs cultured for 24h with E 2 or E 2 +P4 or E 2 +MPA or E 2 +ETO were diluted in 2X sample buffer (Bio-Rad, Hercules, CA) and then boiled for 5 minutes. The cell lysates were subjected to reducing SDS-PAGE on a 10% Tris-HCl gel (Bio-Rad), with subsequent electroblotting transfer onto a 0.45-μm nitrocellulose membrane (Bio-Rad). After transfer, the membranes were blocked overnight in Tris-Buffered Saline (TBS) with 10% non-fat dry milk and then incubated with goat anti-FKBP51 polyclonal antibody at 1/1000 dilution (R&D Systems) or with rabbit anti-total (T) and phosphorylated (P)-AKT, or with rabbit anti-T and P-ERK1/2 MAPK antibodies (Cell Signaling) at 1/1000 dilution for primary antibody labeling. Membranes were rinsed in TBS-T (TBS with 0.1% Tween 20) subsequently incubated with peroxidase-conjugated anti-goat IgG at 1/5000 dilution (Vector Labs) and signals were developed using a chemiluminescence kit (Amersham; GE Healthcare, Piscataway, NJ). The membranes was sequentially stripped and re-probed with peroxidaseconjugated anti-β-actin rabbit monoclonal antibody at 1/1000 dilution (Cell Signaling Technology).
Guinea Pig Studies
Endometrial samples were obtained from oophorectomized (OVX) GPs treated in parallel with placebo or E 2 or MPA or E 2 +MPA under the approval of Yale Institutional Animal Care and Use Committee (IACUC#2006-11002). Twelve nulliparous GPs, aged 2-6 months, were subjected to bilateral oophorectomy. Three GPs for each treatment group were given subcutaneous 50 mg MPA, cholesterol-based 21 day time-release (2.4 mg/day) pellets or 5 mg E 2 cholesterol based 21 day time-release (240 μg/day) pellets or E 2 +MPA or placebo pellets (Innovative Research of America; Sarasota, FL). After three weeks, hysterectomy was performed and the right uterine horn was formalin-fixed for immunohistochemical studies.
Human Endometrial Tissues
Paraffin sections were derived from previously banked paired endometrial tissues obtained prior to DMPA injection (pre-DMPA) in the secretory phase and 80 to 90 days after initial DMPA injection (post-DMPA). Endometrial aspiration biopsy was used to obtain samples from woman with regular menstrual cycles during the secretory phase (n = 6), while hysteroscopic biopsy was used to obtain endometrial specimens from women following DPMA injection after receiving written informed consent at New York University under Institutional Review Board approval (#H6023) and IRB approval of University of South Florida (#Pro00019480). All samples used in our study were de-identified when they were obtained.
Immunohistochemistry
Paraffin sections of human and GP endometria were deparaffinized in xylene and rehydrated through a descending ethanol series. Antigen retrieval involved boiling the slides in citrate buffer (pH:6.0) followed by endogenous peroxidase quenching with 3% hydrogen peroxide and blocking non-specific antibody binding with 5% normal horse serum (Vector Labs). The sections were incubated overnight at 4°C with goat anti-FKBP51 polyclonal IgG at 1/200 dilution (R&D Systems). After several rinses in TBS-T, slides were incubated with biotinylated horse anti-goat IgG at 1/5000 dilution (Vector Labs) for 30 min, rinsed in TBS-T x3 and then incubated with a streptavidin-peroxidase complex (Elite ABC kit; Vector Labs). Diaminobenzidine tetrahydrochloride dehydrate (DAB; Vector Labs) was used as a chromogen (brown stain) to visualize immunoreactivity. Hematoxylin was used for background staining. Non-immune goat IgG was used at the same concentration as the primary antibody as a negative control. The intensity of FKBP51 immunostaining was semi-quantitatively evaluated by HSCORE analysis and categorized into the following scores: 0 (no staining), 1+ (weak, but detectable, staining), 2+ (moderate staining), and 3+ (intense staining). An HSCORE value was derived for each specimen by calculating the sum of the percentage of cells stating in each category multiplied by its respective intensity score using the formula HSCORE = ∑ i i Ã Pi, where i represents the intensity category score, and Pi is the corresponding percentage of cells [24] . For each slide, five different fields were evaluated microscopically at 200Χ magnification. HSCORE evaluation was performed independently by two investigators blinded to the source of the samples; the average score of both was then used.
Database search of Transcription factor binding sites
The MatInspector and GeneCards program (http://www.genomatix.de and http://www. genecards.org) were used to identify GR binding sites.
Statistical analysis
Immunostaining HSCOREs of FKBP51 in GP endometria, immunoblotting and q-PCR results were each normally distributed as determined by Kolmogorov-Smirnov test and each data set analyzed by One-way ANOVA followed by testing post-hoc Holm-Sidak method. p<0.05 is accepted as statistically significant. Immunostaining HSCOREs for human endometrial tissues from pre-and post-DMPA administration were compared using a t-test. Statistical calculations used SigmaStat version 3.0 software (Systat Software, San Jose, CA).
Results
MPA or ETO modulated gene expression in HESCs
The results of whole genome microarray analysis of cultured HESCs displayed in Table 1 indicate that compared with treatment with E 2 , E 2 +MPA or E 2 +ETO significantly altered transcription of 378 and 538 genes, respectively, whereas E 2 +P 4 modified transcription of only 171 genes. Specifically, among: 1) 378 differentially regulated genes by E 2 +MPA, 222 genes (59%) were upregulated and 156 (41%) were downregulated; 2) 538 differentially regulated genes by E 2 +ETO, 263 (49%) were upregulated and 275 (51%) were downregulated; 3) 171 differentially regulated genes by E 2 +P 4 , 150 (88%) were upregulated and 21 (12%) were downregulated ( Table 1 ). The 40 most highly regulated genes in HESCs in response to E 2 +MPA or E 2 +ETO or E 2 +P 4 were given in Tables 2-4 . Several of the highly regulated genes (Tables 2-4 ) identified by microarray analysis responded to either MPA or ETO, but not to P 4 . This observation suggested that modulation of these genes by MPA and ETO may reflect a glucocorticoid action. This observation was supported by use of the web-based programs i.e. MatInspector and GeneCards (http://www. genomatix.de and http://www.genecards.org) which identified the presence of GREs in the promoter of the IGFBP2, ADAMTS1, F2RL2 and FKBP51 genes, but not in the FJX1 gene promoter (S1 Fig) . Thus, these MPA and ETO specific regulated genes obtained from microarray analysis were confirmed by performing q-PCR on five genes (IGFBP2, FJX1, F2RL2, ADAMTS1, and FKBP51) found to be differentially regulated in HESCs following treatment with E 2 +MPA or E 2 +ETO (Fig 1A-1D ). In parallel with microarray results, IGFBP2 and ADAMTS1 mRNA levels are significantly upregulated by E 2 +ETO or E 2 +MPA (Fig 1A and  1C) , whereas FJX1 and F2RL2 mRNA levels are significantly downregulated by E 2 +MPA and E 2 +ETO (Fig 1B and 1D) . By comparison, none of the modest responses elicited by P4 for each of the endpoints attained statistical significance (Fig 1A-1D) .
Evaluation of the microarray results using IPA revealed associations between differentially regulated gene clusters and activation of several common and unique upstream regulators in HESCs in response to either E 2 +MPA or E 2 +ETO or E 2 +P 4 treatment (see Z-value and overlap p-value for each progestogen; Fig 2) . Among the signaling pathways revealed by IPA, inspection of Fig 2 indicates that genes altered by each of the progestins are associated with activation of dexamethasone mediated signaling, whereas genes altered by treatment with E 2 +ETO or E 2 +MPA (Fig 2A  and 2B ), but not E 2 +P 4 (Fig 2C) , are associated with ligand-dependent activation of GR (NR3C1, see S2 Fig), PD98059 (ERK1/2 MAPK inhibitor) and miR-17-5p (a mature cytoplasmic micro-RNA), hepatocyte nuclear factor 4, alpha (HNF4A) (Fig 2A and 2B ). In contrast with the modulation of common genes by either E 2 +ETO or E 2 +MPA, genes regulated by E 2 +P 4 treatment are uniquely associated with upstream activation of nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha, aka IĸBα (NFKBIA), IFNG (interferon γ), P4, VEGF (Fig 2C) .
Further analysis of the microarray data displayed by Venn diagram indicates that 65 genes are regulated solely by E 2 +MPA, and 222 genes are regulated solely by E 2 +ETO whereas 79 genes are regulated solely by E 2 +P 4 ( Fig 3A) . A group of 67 genes are regulated in common by all three progestins. Strikingly, transcriptional levels of 235 genes are regulated in common by E 2 +ETO and E 2 +MPA, but not by E 2 +P 4 ( Fig 3A) . Among these, the 40 most highly regulated genes by ETO and MPA are listed in Fig 3B. IPA of the microarray gene expression data revealed the activation of GR (NR3C1) as one of upstream regulators of several of these 235 genes regulated by ETO and MPA (S2 Fig). [18, 20, 25] and is highlighted in bold among the genes specifically altered by either E 2 +ETO or E 2 +MPA treatment (Fig 3B) . Analysis by q-PCR confirmed that incubation of HESCs with E 2 +ETO or E 2 +MPA, but not E 2 +P 4 , significantly induces steady state FKBP51 mRNA levels vs. E 2 alone (Fig 4A) and, immunoblot analysis revealed that compared with E 2 alone, FKBP51 protein levels are increased significantly in HESCs in response to E 2 +ETO or E 2 +MPA, but not to E 2 +P 4 ( Fig 4B) . Unlike FKBP51, microarray analysis revealed no change in FKBP52 mRNA 
Endometrial FKBP51 expression in women receiving DMPA treatment
Immunohistochemical analysis was performed on paired endometrial sections obtained from women pre-and post-DMPA administration. Both endometrial stromal and glandular epithelial cells express weak to moderate FKBP51 immunoreactivity in pre-DMPA specimens ( Fig  5A) . Post-DMPA specimens displayed a significant increase in FKBP51 immunoreactivity in endometrial stromal cells (HSCORE mean ± SEM; 200 ± 18.3 vs. 100 ± 14.1; p<0.009 respectively) and endometrial glandular epithelial cells (220 ± 18.3 vs. 92.5 ± 22.1; p<0.006, respectively) compared with pre-DMPA administration (Fig 5B and 5C ). MPA induces FKBP51 expression in the endometrium of OVX-GPs FKBP51 immunoreactivity in endometrial sections obtained from OVX-GPs treated with placebo or E 2 or MPA or E 2 +MPA is displayed in Fig 5D-5H . In endometrial stromal cells, FKBP51 expression is significantly increased by administration of MPA (HSCORE mean ± SEM; 100.0 ± 11.5) or E 2 +MPA (136.7 ± 8.8) compared to placebo (16.7 ± 6.7) or E 2 alone (56.7 ± 12.02; p<0.001, Fig 5D-5G ). Similar increases in FKBP51 expression were also observed in endometrial glandular epithelial cells of GPs treated with either MPA (223.3 ± 6.7) or E 2 +MPA (246.7 ± 24.1) compared to placebo (76.7 ± 21.9) or E 2 alone (136.7 ± 7.6; p<0.001, Fig 5D-5G) . Consistent with E 2 mediated up-regulation of PR expression [26] , HSCORE analysis (Fig 5H) indicates that E 2 +MPA significantly enhanced FKBP51 expression in endometrial stromal cells vs. MPA alone (p<0.05). No statistically significant differences between placebo and E 2 alone were detected in either endometrial stromal or glandular epithelial cells (Fig 5H) . Our previous studies showed that LAPCs increase TF expression in decidualized HESCs, which generates excess thrombin [11, 12] . In cultured HESCs, thrombin enhances expression of VEGF, IL-8, and MMP-1 expression [13, 14, 23] and therefore, thrombin plays an essential role in LAPC-induced AUB by promoting a proteolytic and inflammatory milieu. To investigate the effect of FKBP51 in MPA-mediated inhibition of inflammation, IL-1β mRNA levels were measured in HESCs transfected with FKBP51 vector for overexpression. The FKBP51 expression was confirmed by q-PCR and immunoblotting in cultured HESCs (data not shown) after transfection. Compared with E 2 treatment, E 2 +MPA treatment significantly inhibited IL-1β mRNA levels in HESC transfected with a control vector, whereas MPA failed to inhibit IL-1β mRNA levels in HESCs overexpressing FKBP51 (Fig 6A) . Furthermore, thrombin treatment of HESCs that overexpressed FKBP51 exacerbates thrombin-induced IL-1β mRNA expression in the presence of MPA (Fig 6B) .
Discussion
LAPC methods are the most effective reversible contraceptive method [21] . For example, in a large prospective cohort study in which over 75% of teenage participants received LAPCs there was a substantial reduction in mean annual rates of pregnancy, birth, and elective abortion compared with the overall population of sexually experienced U.S. teens [27] . However, AUB occurs in the majority of LAPC users and is a major reason for non-adherence, with three year discontinuation rates as high as 47% for implants and 27% for IUS users [28] . Moreover, unlike the predictable and controlled nature of menstrual bleeding, LAPC associated AUB is unpredictable and occurs sporadically [13] . The contraceptive action of LAPCs results from inhibition of ovulation, cervical thickening and/or endometrial thinning and explains the agents greater than 99% pregnancy preventing efficacy [29] . It is unclear how the various progestins employed in LAPC induce AUB. Seeking to shed light on this question, the current study identified several gene clusters and signaling pathways that are both uniquely and commonly modulated by each progestin. To our knowledge, this is the first study to compare changes in global gene expression profiles in HESCs in response to natural vs. synthetic progestins and consequently to identify common and unique alterations in gene expression triggered by each progestin.
During the follicular phase of the human menstrual cycle, circulating P4 is maintained at low levels that increase markedly following ovulation. This increased concentration does not induce uterine bleeding. Indeed it is the physiological withdrawal of circulating P4 that triggers menstrual bleeding [13, 30] . During human pregnancy circulating P4 levels continue to rise [31] unaccompanied by AUB. These physiological observations strongly suggest that AUB accompanying LAPC administration reflects molecular changes that are distinct from those induced by circulating P4. Consistent with this hypothesis, while our microarray results reveal that 65 genes are modulated in common by P4 and by the synthetic progestins, MPA and ETO, in cultured HESCs, these commonly modulated genes match only 17% and 12% of the total genes altered by MPA or ETO, respectively, and 38% of the genes modulated by P4 alone indicating that only a portion of the action of these LAPCs reflects native progesterone effects.
The current study identified a total of 235 genes unaffected during incubation of HESCs with P4, which corresponded to 62% and 44% of genes whose expression was altered by MPA and ETO, respectively. Further analysis by IPA software indicated ligand-dependent activation of GR (NR3C1) as one of the upstream regulators of these MPA or ETO-modulated 235 genes, suggesting the involvement of GR signaling in LAPC-induced AUB. Moreover, results from Prior studies demonstrated upregulation of FKBP51 mRNA and protein levels in response to ligand-dependent activation of both the GR and PR [17] . Microarray results obtained in the current study identified FKBP51 among genes that are upregulated following incubation of HESCs with either MPA or ETO, but not by P4. Confirmation of this selective elevation of FKBP51 mRNA was confirmed by q-PCR and extended to include the FKBP51 protein by immunoblotting. Lack of changes in FKBP52 expression in HESCs in response to MPA, ETO and P4 suggests that FKBP51 acts as a dominant co-chaperone in regulating PR or GR-mediated transcriptional activity in these cells. Reports that MPA displays mixed progestin/glucocorticoid effects [32] taken together with the absence of a response to P4 suggest that regulation of FKBP51 expression in HESCs by MPA as well as ETO reflects ligand-dependent activation of the GR, but not the PR. This observation is in contrast to information describing absence of glucocorticoid action by ETO. Alternatively, P4 is more susceptible to metabolism than synthetic progestins by cultured cells [33] , which may reduce the effect of P4 on FKBP51 expression. Furthermore, compared with P4, MPA and ETO may exert a stronger PR mediated transcriptional activity on the FKBP51 gene. Supporting the latter statement, several genes presented in Tables 2-4 (such as ADAMTS1, ADH1A, CLEC3B) display higher fold increased transcriptional levels in response to MPA or ETO vs. P4. In several cell systems, elevated levels of FKPB51 suppresses transcriptional activity of both the GR and PR suggesting the existence of a negative-feedback loop that induces local functional P4 and GC withdrawal in target tissue [34] . The current observations of increased FKBP51 immunoreactivity in stromal and glandular cells in human endometrial tissues obtained from women from post-DMPA versus pre-DMPA use suggests that MPA administration results in local inhibition of GR and PR transcriptional activity. This may account for increase in inflammation observed in such endometria. In support of this hypothesis, several previous studies have shown a significant reduction in expression of tissue inhibitor of matrix metalloproteinases (TIMPs) in stromal, epithelial and endothelial cells, accompanied by focal elevation of MMP-1 and -3 expression and increased influx of MMP-9 positive neutrophils, CD3+ T cells, macrophages and uterine natural killer (uNK) cells in the endometria of DMPA users [35, 36] . Moreover, LAPCs increase epithelial neutrophil-activating peptide-78 (ENA-78) [37] and IL-8 in HESCs [15] , and increase numbers of CD45 positive cells [35] , which may be associated with functional loss of the anti-inflammatory properties of PR and GR activated by MPA or ETO.
The endometria of women receiving LAPCs contain enlarged thin-walled fragile microvessels that are irregularly distributed across the superficial layer, and display intermittent focal bleeding. We previously observed that LAPC administration results in reduced endometrial blood flow which promotes local hypoxia (HX) and reactive oxygen species (ROS) generation damaging microvascular endothelial cells and enhancing production of pro-angiogenic factors secreted from HESCs (Fig 7) [8] . Specifically, the endometria of women receiving LAPCs display elevated levels of VEGF, the primary mediator of angiogenesis (Fig 7) FKBP51 Accompanies LAPC-Induced Abnormal Uterine Bleeding physiological VEGF levels promote angiogenesis, over-expression of VEGF produces abnormal blood vessels with increased permeability and reduced perivascular ECM [38] . Moreover, our in situ observations and studies using primary cultures of HESCs and HEECs demonstrate that progestins inhibit HESC-expressed Ang-1, a vessel-stabilizing factor, while HX enhances HEEC-expressed Ang-2, which promotes vessel branching and enhances endothelial cell permeability [10] . Another recent study demonstrates that MPA and ETO treated HESCs secrete factors that promote HEEC apoptosis (Fig 7) [39] .
Like women, GPs exhibit spontaneous estrous cycling and hemochorial placentation [40] [41] [42] [43] justifying previous use by our laboratory of GPs as a relevant animal model to study LAPCmediated endometrial changes [44, 45] . Our previous observations that LAPC administration reduced endometrial blood flow and induced local HX-mediated ROS generation in women [10] , taken together with similar observations in the LAPC-treated GP endometrium [45] , prompted evaluation of FKBP51 expression in the endometrium of GPs following administration of MPA. Increased FBP51 expression in MPA treated GP endometria confirms the observations made on post-DMPA administrated human endometria and supports presence of similar MPA mediated molecular mechanism in regulation of FKBP51 expression in both species. The resultant inflammation and aberrant angiogenic stimulus leads to vessel damage causing local bleeding. The later delivers circulating factor VII to HESC membrane bound tissue factor (TF) which activates factor Xa to ultimately generate thrombin. The later exacerbates HX/ROS effects on endometrial angiogenesis and inflammation. In turn, HX and LAPCs trigger HEEC apoptosis by a paracrine manner. In addition, LAPCs also enhance FKBP51 expression in HESCs to inhibit progesterone receptor (PR; NR3C3) and glucocorticoid receptor (GR; NR3C1)-mediated transcription. In turn, the resultant PR and/or GR-mediated functional withdrawal reduces progestin and glucocorticoid mediated inhibition of endometrial inflammation, aberrant angiogenesis, thus contributing to AUB. doi:10.1371/journal.pone.0137855.g007
FKBP51 Accompanies LAPC-Induced Abnormal Uterine Bleeding
A recent study [46] demonstrated that GR mediates anti-inflammatory action of MPA in cervical epithelial cells. Given the predominant expression of the GR in primary endocervical epithelial cells, this GR-mediated action may be essential in discriminating between the effects on inflammation caused by different progestins and P4. In support of the existence of functional cross-talk between the GR and LAPCs, Tomasicchio et al. [47] found that induction of apoptosis in primary CD4 (+) T-cells by MPA, but not P4 and suggested that progestin component of LAPCs may promote susceptibility to HIV-1. Complementing the conclusions drawn by these studies [46, 47] , the current finding that MPA reduces basal IL-1β mRNA levels in HESCs is consistent with an anti-inflammatory action of MPA. Furthermore, reversal of this anti-inflammatory action of MPA by FKBP51 overexpression in HESCs supports our hypothesis that FKBP51 promotes functional P4 and/or GC withdrawal. In view of the microarray results in Tables 2-4 indicating that both MPA and ETO downregulate thrombin receptor expression, the finding that FKBP51 overexpression exacerbates thrombin induced IL-1β expression in the presence of progestin is even more striking.
In conclusion, results obtained from the current study reveal that MPA and ETO alter the expression of significantly greater numbers of genes than P4 in endometrial cells. Distinct from P4, MPA and ETO mediated regulation of numerous genes as exemplified by FKBP51 are linked to ligand dependent activation of the GR, but not the PR. These observations suggest the need for future studies that evaluate the critical role played by FKBP51 in mediating LAPC induced functional P4 and/or glucocorticoid withdrawal leading to AUB. 
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